The lowest 'Bf and 311 states of the BN molecule have been studied using multireference configuration interaction (MRCI) and averaged coupled-pair functional (ACPF) methods and large atomic natural orbital (ANO) basis sets, as well as several coupled cluster methods, Our best calculations strongly support a 311 ground state, but the c IX+ state lies only 381 f 100 cm-r higher. The a '2+ state wave function exhibits strong multireference character and, consequently, the predictions of the perturbationally-based single-reference CCSD(T) coupled cluster method are not as reliable in this case as the multireference results. The best theoretical predictions for the spectroscopic constants of BN are in good agreement with experiment for the X 311 state, but strongly suggest a misassignment of the fundamental vibrational frequency for the a '1;+ state.
I. INTRODUCTlON
Boron nitride, the &phase of which scratches diamond, r has attracted considerable interest in materials science. (See the introduction to Ref. 2 for some relevant references.) As it has proven to be very difficult to obtain pure &BN as a solid film, theoretical and experimental attention has been directed at trying to understand the growth process of thin BN films from the plasma involved in chemical vapor deposition techniques,3 and thus to understand the structural and thermochemical properties of B,, N,, and B,N, clusters.
Structures and total atomization energies are currently available for boron clusters up to B4 inclusive (Ref. 4 and references therein). The B,N and B,N2 molecules have very recently been characterized experimentally' following theoretical predictions of their structure. 2'6 In addition, interest has recently been aroused by buckminsterfullerene analogs involving B and N atoms.7
Given its small size, it is somewhat surprising that a complete experimental characterization of the BN molecule has not been performed. Spectroscopic work is limited to the pioneering study of Douglas and Herzberg,' work by Thrush,9 and Mosher and Frosch," and two more recent papers by Bredohl, Dubois, Houbrechts, and Nzohabonayo (BDHN) . 1'*12 The data from these articles are limited both in abundance and accuracy, hence the BN molecule is a natural candidate for ab initio study.
Until recently, the most complete ab initio study available was the work of Karna and Grein ( KG) ,i3*14 who ') 16 '17 Their computational work was instrumental in correcting the origina111~'2 measurements of the bond distance for the lowest 311 state. Like the previous self-consistent field (SCF) level work of Verhaegen et aZ.,'* they concluded that the molecule has a 311 ground state. However, they also found that the energy difference between the 1 311 and 1 *Zf states is only on the order of 0.1 eV, which brings it within the uncertainty of the calculations at this level of theory.
Since the triple-zeta plus polarization basis set employed by Karna and Grein is rather small, Martin et al. lg undertook a new study using Pople-type (spdf ) basis sets (Ref. 20 and references therein) and the quadratic configuration interaction method QCISD(T),21 which is closely related to the CCSD( T) (Ref. 22) augmented coupled cluster method. At the highest level of theory, these authorslg found the 1 311 state to be the ground state, but the computed transition energy (100 cm-') fell within the uncertainty of the calculations. Hence the problem of identifying the ground state was not really resolved. By combining the experimental fundamental frequencies and r. distances with the computed anharmonicities and rotation-vibration couplings, the authors finally obtained a "self-consistent" set of spectroscopic constants for both states. At the level of theory considered, the computed quantities were still not of spectroscopic accuracy.
One aim of the present study is a definitive determination of the ground state of BN; another is to obtain spectroscopic constants with an accuracy comparable to the experimental ones. Finally, it is likely that the small singlet/triplet separation, even smaller than for the isoelectronic C2 molecule, should be a sensitive test of the performance of different computational methods.
II. COMPUTATIONAL METHODS
In the first calculations, aimed at an initial n-particle space calibration, the basis set used was a [5s3p2d] contraction of the Huzinaga-Dunning triple-zeta plus two polarization functions (TZ2P ) basis set. Duijneveldt's ( 13~8~) primitive set,25 augmented with even-tempered 6d4f2g polarization sets, and contracted as described in Ref. 24 . The ratio /3 between members of the even-tempered sequences aflk is 2.5 in all cases. The innermost primitive d, f, and g exponents are, respectively, 4.94, 2.37, and 1.14 for B and 9.88, 4.74, and 2.28 for N. density matrix averaging was performed in the SCF calculations used to define the orbitals for the coupled cluster calculations.) The full CCSDT calculations were performed on an IBM RW6000 Model 550 computer at Rice University. " Finally, the unrestricted Hartree-Fock (UHF) QCISD( T) calculations were done using on the CONVEX C-210.
Ill. RESULTS AND DISCUSSION
A. Initial one-particle calibration For the 311 state, density matrix averaging was performed such that the complete active space SCF (CASSCF) orbitals obey full symmetry and equivalence restrictions.26 Both multireference configuration interaction (MRCI) and the multireference averaged coupledpair functional method (ACPF) (Ref. 27) were considered. Except for some calculations in which a larger g-in-11 reference space was considered, the reference occupations were generated in an g-in-8 (full-valence) CASSCF calculation. Those occupations giving rise to CASSCF configurations with coefficients larger than a given threshold were retained as reference occupations for the multireference calculations. The resulting wave functions are denoted, e.g., as MRCI(O.05) or ACPF(O.05) for a threshold of 0.05.
In a first set of calculations, the geometries were kept frozen at the "best estimate" r, geometries" and singlepoint calculations performed, to assess the behavior of T, with different levels of electron correlation using the [5s3p2d] basis set. The results are presented in Table I .
Additionally, single-reference calculations were performed using the CCSD(T) method,22928 which is a coupled cluster method including all single and double excitations29 with a quasiperturbative estimate for the effect of triple excitations22, and the QCISD(T) method.21 It has been shown that these methods, especially CCSD( T), yield results very close to full CI even for problematic molecules30v3' at a fraction of the computational cost of an MRCI or ACPF calculation. Furthermore, for the a ix+ state, some full coupled cluster with all single, double, and triple excitations (CCSDT) (Refs. 32 and 33) were carried out.
At a selection threshold of 0.05, the difference between MRCI and ACPF is improbably large. This is however mainly caused by the fact that the ACPF calculations for both states yield coefficients for several nonreference configurations that exceed 0.05. After extending the reference space with the configurations that exceed the threshold [such calculations are denoted, e.g., ACPF( 0.05a) throughout the article], the value for T, is quite close to that obtained at the MRCI +Q level, that is, after applying the multireference analog39 of the Davidson correction.40 The need to expand the ACPF reference space has been described previously, for example, in Ref. 41 . A similar effect is seen at a threshold of 0.025. Here the ACPF calculations for the 311 state actually produce nonreference coefficients not just in excess of 0.025, but in excess of 0.05. The difference between MRCI + Q and ACPFa is larger in this case, though still acceptable. More surprisingly, even at a threshold of 0.01 the ACPF calculation requires additional reference occupations. Including them enhances the agreement with MRCI+Q, but there is still a 100 cm-' difference. Finally, the CAS reference calculations (that is, zero selection threshold) yield MRCI+Q and ACPF values in very good agreement with each other. This observation can be useful when determining potential curves, as MRCI +Q energies tend to be too noisy to yield reliable higher-order constants. The spectroscopic constants were obtained by fitting a fifth-order regular polynomial to eleven points around the "self-consistent" r, (see Ref. 19 ) with a step size of 0.01 bohr. Our previous study showed that using a SimonsParr-Finlan34 expansion compromised the determinacy of the higher-order constants. Using the fourth-order portion of the fitted polynomial, a Dunham analysis35 was carried out.
One conclusion is evident throughout; in this basis set, at least, the ground state is 311. The effect of diagonal Darwin and mass-velocity corrections42 on T, is to enlarge it by -10 cm-'.
It is interesting to examine the performance of singleAll multireference energy calculations were performed using the MOLECULE-SWEDEN Table II . Both QCISD and CCSD predict a 311 ground state, but grossly overestimate T,; connected triple excitations seem to be very important. QCISD (T) predicts the states to be essentially isoenergetic, but if the spin-symmetry-broken UHF solution is used as a reference for the 'g+ state, the predicted T, is too high. [The restricted Hartree-Fock (RHF) solution is UHF-unstable; (.S2) exceeds 1.30 for the UHF solution.] The RHF-based CCSD(T) method predicts the wrong ground state. A major part of the problem here is a (40) - (50) near-degeneracy, which in the '2+ state introduces a second configuration with a CASSCF coefficient >0.3. The CASSCF natural orbital occupation numbers for (4~) and (5a) likewise approach 1.7 and 0.3, respectively. The 9-t diagnostic values43 for 'X+ and 311 are 0.08 and 0.04, respectively. By comparison, the 9-t diagnostic for the X 'Xg* state of the isoelectronic C2 molecule is 0.04.3' As single excitations from the doubly excited ( la)2(2a)2(3a)2( 1~)~(5a)* state are triple excitations with respect to the reference state, it is understandable that a quasiperturbative mechanism for dealing with triple excitations [such as in CCSD(T)] will have trouble reproducing their effect. Watts and Bartlett4 observed a similar phenomenon in their study of the isoelectronic C2 molecule, where CCSD (T) and full CCSDT differed by -500 cm-' for T,. A few trends being established, we will now discuss the larger basis set and potential curve computations. Table III . There is a small difference between MRCI and ACPF in the computed o, but this decreases as the reference threshold is reduced to zero. Much more striking is the large difference between the MRCI/ACPF results and those from the CCSD(T) method. Given the large ,7, diagnostic, the CCSD (T) results could be expected to show problems, but at first sight the reverse seems true. Consider the harmonic frequencies. Assuming that the cubic anharmonicity contribution is negative, as is almost universally the case, the harmonic frequency will be larger than the fundamental vibrational frequency. This is what is observed for the CCSD(T) w, values, compared to the experimentally deduced value, in both the [4321] and [54321] basis sets, but the MRCI and ACPF values are much smaller than the experimental fundamental. It is also clear that basis set effects cannot be responsible for more than a small part, say -2O%, of the discrepancy. Obviously, using the computed anharmonic constants to obtain theoretical estimates of the fundamental frequency (as EU,-20~~) simply amplifies the apparent failure of the multireference approaches.
This phenomenon is especially puzzling, given that the MRCI and ACPF results include CAS reference values, since ACPF( CAS) calculations would normally be expected to produce results essentially identical to those of a full CI calculation, although we note that Watts and Bartlett@ observed discrepancies between large basis set MRCI and CCSD(T) calculations on C2, with the latter method giving better agreement with experiment. One possibility is that the CASSCF active space is not large enough, and indeed the (7~) and (3~) orbitals are rather low-lying. We therefore performed calculations based on an 8-in-11 CASSCF wave function, but as can be seen from Table III this hardly affects the results. It was not feasible to use still larger CASSCF wave functions and reference spaces, but in any event it seems unlikely that they would give significantly different results. Another striking difference between the computational methods is the computed anharmonicity constants w.+xx, All multireference calculations predict a value around 11 cm-', while CCSD(T) predicts 17 cm-'. The CCSD and MRCI/ACPF values are again quite close to one another, however. Halving the step size used in computing the curve hardly affects these figures, so the differences do not seem to be due to aspects of the fitting.
Also puzzling is the computed bond distance, which at the MRCI/ACPF levels is consistently too large and at the CCSD(T) level is too small. The experimental :. is 1.283 A,t' and the "best estimate"" for r, is 1.2795 A. On the other hand, a significant decrease in r, at the ACPF(0.025a) level is seen as the basis set is expanded from [4321] to [54321] . Also, whereas connected triple excitations usually lengthen a bond, they shorten it here. The effect of the Darwin and mass-velocity terms on the potential curve was investigated and found to be negligible.
In the light of the T, results quoted in the previous subsection, and the very large ,7r diagnostic, it would be reasonable to expect CCSD(T) to be unreliable for this molecule, as we stated above. It is thus very surprising that this method appears to yield the correct fundamental frequency, while even expanded multireference treatments fail. One way to shed more light on this matter is to perform full CCSDT calculations. In this way we can assess the higher-order contributions of connected triple excitations. The full CCSDT calculations in this work were performed in a smaller [432] Table III . (Note that a couple of points at the beginning of the curve had to be omitted because of convergence problems; this has no perceptible effect on the computed spectroscopic constants as we checked for the CCSD results.) They show unambiguously that the CCSD(T) method breaks down here. The computed CCSDT spectroscopic constants are all in line with the CCSD and multireference calculations. Very peculiarly, the QCISD(T) method, presumably benefiting from a fortunate error compensation, yields results almost identical to CCSDT, except for ae. QCISD itself, however, yields anomalous results, unlike CCSD. This is a consequence of the well-known fact22 that the (T) correction to QCISD (T) corrects for terms, starting at fifth order in perturbation theory, that are neglected in QCISD but not in CCSD. The QCISD(T) results in the [4321] basis set are, except again for a0 in excellent agreement with the best multireference calculations.
If we assume additivity of basis set effects at the ACPF( 0.025a) level to correct the ACPF( 0.0)/[432 l] values, we can predict spectroscopic constants for the 'Z+ state. In this way we find we= 1686 cm-', wpxe= 11.3 cm-', a,=O.O161 cm-', and r,= 1.280 A. The vibrationally averaged bond distance is then 1.284 A, in excellent agreement with experiment. Greater difficulties are pre- sented by vo, which is predicted to be 1662.8 cm-', 50 cm -' lower than the experimentally deduced value. ' ' It is possible that this value is underestimated somewhat by the multireference methods, but it can be argued that this effect will be small, as follows. As the ACPF wave function is expanded by the inclusion of more configurations, the fundamental frequency increases. Hence it is reasonable to expect the ACPF value to converge from below. On the other hand, comparison of the CCSD and CCSDT results indicates that as the excitation level in the coupled cluster treatment is increased, the fundamental frequency decreases-it converges from above. The excellent agreement between the ACPF and CCSDT values then suggests that the fundamental frequency is well converged at these levels of treatment. It seems very unlikely that our prediction (corrected for basis set incompleteness) can be in error by 50 cm-'. Consequently, it seems probable that the experimental value deduced by BDHN is in error. A misassignment of the numbering of the rovibrational bands is one possible explanation.
From the CCSD(T) energies and the atomic energies for B and N at the same level of theory,45 we can compute the atomization energy for the singlet state, which is 97.1 and 101.8 kcal/mol in the [4321] and [54321] basis sets, respectively. Using the correction formula recently proposed by one of the authors& AE ,,,~=AE+aAn,+bAn,+cAn,~i,,
where n, and n, represent the number of (T and r bonds, respectively, and npair the number of closed-shell electron pairs (0, 6, and c are fitted constants"), we obtain atomization energies of 105.3 and 105.6, respectively, with the [4321] and [54321] basis sets. The mean absolute errors for a number of reference molecules were 0.86 and 0.51 kcal/ mol, respectively.46 To this should be added some uncertainty because of the inaccuracy of CCSD(T) in this case; some of this, however, can be absorbed into the computed transition energy, as discussed below.
C. The 311 state
Some results for the 311 state are displayed in Table IV . We list only ACPF multireference results here. Again, it is seen that the ACPF calculations tend to predict a lower w, than CCSD(T), although the effect is not as severe as for the '2+ state. Also, the discrepancy between ACPF and CCSD(T) for the computed r, values is nowhere near as large. As for the transition energies, these agree very well, except for the CCSD(T) result. In view of the behavior of the CCSD(T) method for the '2+ state, the ACPF values of T, are undoubtedly the more reliable ones. Hence our best theoretical predictions strongly support that the ground state of BN is X 'II, which is a departure from the X 'Z+ ground state of the isoelectronic C2,47 BeQ4* and Ni+ results, we find a best estimate for T, of 381 cm-'. In view of the convergence which has been established with respect to CASSCF active space, ACPF reference space, and one-particle basis set, we expect this result to be uncertain by no more than f 100 cm-'.
Assuming basis set additivity also for the ACPF w, we obtain an w, value of 1491 cm-', compared to an approximate experimental y. of 1496 cm-'.i2 For the bond distance, the same approximation leads to r,= 1.330 A, in reasonable agreement with the earlier "best estimate"" of 1.3251 A and the experimental r. of 1.329 A.
Finally, we can compute a value for the dissociation energy which is probably a lower bound because of residual basis set incompleteness. Combining the atomization energy of the a 'Z+ state with our computed T, at the CCSD(T)/ [4321] level [thus absorbing some of the error in the CCSD(T) method for the a '2+ state], and the spin-orbit coupling constant (for the X 311 state) of -25.14 cm-i,12 we find D,= 105.2 kcal/mol, to which we assign an uncertainty of about *2 kcal/mol. This is in very good agreement with the previously computed value of 106.5 f 2 kcal/mol." Correcting for zero-point vibration with the above values of w, and w& we finally find Do = 103.1 kcal/mol.
D. Thermochemistry
Using the revised spectroscopic constants for the X 311 and a 'Z+ states, as well as the data from Kama and Grein'3*'4 for 23 other valence states, the thermodynamic functions at 0.1 MPa have been computed essentially exactly by modified direct numerical summation using an algorithm described in detail in the Appendix of Ref. 19 . The spin-orbit coupling constant, A= -25.14 cm-', for the X 311 state was taken from Ref. 12. Centrifugal stretching constants were computed from the familiar relationship 166 -108.196 -108.221 -108.239 -108.252 -108.261 -108.265 -108.268 -108.266 -108.265 -108.261 -108.256 -108.248 -108.242 -108.236 -108.228 -108.222 -108.216 -108.210 -108.205 -108.201 -108.196 -108.194 -108.191 -108.189 -108.190 -108.188 -108.190 -108.192 -108.193 -108.197 -108. and the enthalpy function H(T) -No, as well as the corresponding functions for the association reaction B(g) +N(g) +BN(g) and the natural logarithm of its equilibrium constant KY The atomic functions necessary for the latter were taken from Ref. 19, and include corrections for all electronic states below the ionization limit as well as for spin-orbit coupling.
By comparing to the earlier calculation,'9 we can assess the effect of the change in the computed T, and other spectroscopic constants. At low temperatures, a very significant effect is seen on C, which is primarily due to the change in T, This effect decreases with rising temperature, but at very high temperatures the effect of the changes in the other constants is beginning to be noticeable. The other thermodynamic functions change significantly there too, with 9 and -[G(T) 0.077 J/ K mol. These errors are still comfortably within the generally accepted limits of "chemical accuracy," thus confirming the earlier assertion'9'so that high-quality thermodynamic functions can be computed from first principIes using present-day a& initio methods. As for the association reaction, the earlier conclusion that the molecule becomes unstable with respect to the atoms between 4100 and 4200 K is confirmed.
IV. CONCLUSIONS
The lowest '2+ and 311 states of BN have been studied using single and multireference ab initio methods and basis sets of spdf and spdfg quality. We have established that the ground state is X 311, with the a '8+ state lying 381 f 100 cm-' higher in energy. The dissociation energy of BN is predicted to be 105 f 1 kcal/mol. Because of severe multireference effects (Y, = 0.08), results obtained with the CCSD(T) and QCISD(T) methods should be considered with caution. As previously discussed,3' neither of these methods should be expected to perform well under such extreme circumstances. Our best predicted spectroscopic constants, based on multireference wave functions, suggest an assignment problem with the experimental v. for the a IX+ state.
